Abstract-Ultrafast laser inscription (ULI) is a highly versa-
I. INTRODUCTION
Compact, middle infrared (Mid-IR) lasers operating in the 2-5 μm range are a vital, enabling technology for a variety of applications including remote sensing, medical procedures, and spectroscopy. These applications drive the advancement and optimization of Mid-IR sources, pushing for compact, efficient laser sources, which can be easily incorporated into existing systems. Guided-wave structures fabricated using ultrafast laser inscription (ULI) rely on the focusing of ultrashort laser pulses inside of a material. Typically, these pulses are in the range of several hundred femtoseconds to a few picoseconds. The pulses induce a nonlinear absorption, which results in an engineerable refractive index change. Waveguide structures can be written by translation of the sample perpendicular to the propagation direction of the inscription laser, see Figure 1 . This technique relies on small, discrete translations in the x-y plane to created a cladding structure. These structures can be fabricated in a variety of shapes but symmetric waveguides are
The authors acknowledge and thank support from AFRL Sensors Directorate, EOARD (Grant Number FA9550-16-1-0080) and EPSRC (Grant number EP/G030227/1). Fiona Thorburn acknowledges support from EPSRC studentship EP/L504774/1 and EP/M506333/1/. The authors would like to thank BAE Systems for providing the CdSiP 2 sample. usually chosen to maximize irradiance for a given refractive index contrast. A multi-scan technique has previously been demonstrated to produce low-loss waveguide structures [1] . Depending on the interaction of the incident pulse, either positive or negative index changes can be achieved. This process has been shown by numerous authors to be a viable technique for creating waveguide structures [2] , [3] . The modification of a material is typically divided into 3 types; type I, type II, and type II symmetric modification (type III). These different modification types are shown in Figure 1 . Type I (Figure 1 (A) modification relies on a positive index change at the focus of the inscription laser. The positive change in index allows guiding in the region of laser damage providing the modification is not highly scattering. Type II (Figure 1 (B) modification relies on two damage regions to stress the material. The stress region induces a positive index change, which allows light to be guided in the stress region between the damage spots. Finally, type II symmetric Figure 1 (C) modifications rely on a symmetric type II modification to create a depressed cladding structure. Each of these types of waveguides has benefits and disadvantages. Type I waveguides typically produce near single mode operation with small mode diameters (<10 μm). Type II waveguides are typically polarization sensitive but are limited to small guided mode regions due to the small crosssectional area where the stress induced refractive index change affects the guided light. Type III waveguides can be scaled to large mode area waveguides. However, type II symmetric (type III) waveguides are not usually polarization sensitive except in cases of strong stress induced birefringence, uniaxial crystals or biaxial crystals. It should be noted that care should be taken when catagorizing ULI waveguides as there exists some ambiguities in classifcation bewtween communities [4] .
II. ACTIVE LASER DEVICES
Transition metal (TM) ions doped into zinc based chalcogenides, notably zinc selenide (ZnSe) and zinc sulfide (ZnS), have many traits which make them desirable candidates for a plethora of applications. The relitavely large absorption and emission cross-sections generated by crystal field splitting of the allowed electronic levels of the TM ions produce an adaptable medium capable of absorbing and emitting laser radiation over a large spectral range [5] . Specifically, chromium and iron dopants have been shown to readily emit over the 2-3 μm [6] and 4-5 μm [7] regions respectively. In addition, these sources have been scaled to multi-Watt level output power in non-guided wave devices.
Many of the intended applications of these sources are fielded in non-laboratory settings which are sensitive to vibration, temperature changes, humidity, and particulates in the air. In order to improve the reliability and robustness of these systems, minimization of free-space optics are required in order to decrease sensitivity to the environement. Thus, confining operation to a guided-wave configuration is desirable. Guidedwave operation is usually realized in a fiber form, but due to the low sublimation point of ZnSe and ZnS (900
• C [8] and 1200
• C [9] respectively) and due to the absence of a glassphase with crystalline materials, pulling of the material into a fiber is impossible with the current technology [10] . However, other technologies exist to create ZnSe fibers with losses less than 1 dB/cm [11] , relying on chemical vapor deposition (CVD) of crystalline material. However, these fibers have been limited to small lengths and do not support a Gaussian mode due to the CVD geometry. An alternative method to create guided-wave structures has been demonstrated, which uses femtosecond laser interactions to modify the index of bulk material to create waveguide structures. Power scaling of both Cr:ZnSe and Fe:ZnSe waveguides to power levels greater than 2 W has been demonstrated with this technique [12] .
Waveguides were inscribed in bulk Fe:ZnSe and Cr:ZnSe using a chirped pulse, amplified Yb-fiber laser (IMRA μJewel D1000) operating at 1047 nm. The waveguides were inscribed at 100 kHz repetition rate with a pulse width of 850 fs and 1-5 overwrites. The beam was focused into the sample using a 0.68 NA lens with a focal length of 4.1 mm. The sample was translated using an XYZ translation stage (Aerotech Model:A3200) moving with a velocity of 10 mm/s. The resultant cladding structure for the best performing waveguides can be seen in Figure 2 . The Cr:ZnSe structure was designed to have a core diameter of 120 μm composed of 100 individual elements. Several sets of waveguides were inscribed in the bulk sample of Cr:ZnSe for testing. The inscription parameters were varied for each waveguide set to provide a wide variety of waveguides for testing. The actual waveguide diameter of the Cr:ZnSe was smaller than the designed diameter due to elongation of the individual waveguide elements. A similar structure was created inside of a bulk Fe:ZnSe sample except with a diameter of 80 μm. Optimal operation parameters for Cr:ZnSe and Fe:ZnSe have been investigated by many authors [13] - [15] . These results were taken into consideration to obtain optimal operation of the waveguide lasers. Unfortunately, Fe:ZnSe only operates efficiently in a CW configuration at cryogenic temperatures due to multi-phonon quenching of the radiative lifetime [16] . In early demonstrations of TM waveguide lasers, laser mirror coatings were kept on external optics to allow versatility for testing [17] , [18] . However, building upon previous research, we can determine the optimal operating parameters for each material (i.e. optimal outcoupler reflectivity, operating temperature, tolerable losses etc.) [12] , [17] . Knowledge of the ideal operating parameters allows for minimization of free-space optics to prevent unnecessary losses from external optics. Laser cavity mirrors were directly coated onto the end facets of the samples, thus making the sample the entire optical cavity. Figure 3 shows the cavity configurations for Fe:ZnSe (A) and Cr:ZnSe (B) waveguide power scaling efforts. The pump sources used for pumping of Cr:ZnSe and Fe:ZnSe were a thulium fiber laser operating at 1.9 μm and a erbium fiber laser operating at 2.9 μm. The samples were mounted on a 5-axis translation stage capable of pitch and yaw control in addition to XYZ translation. The 5-axis stage allowed for fine adjustment of the input pump coupling into the waveguide to maximize the laser output. Table I summarizes the power scaling results of the TM lasers.
Additionally, ULI was used to fabricate depressed cladding single mode waveguides at a propagation wavelength of 2.1 μm in a sample of Ho:YAG with a doping concentration of 0.5 at. % Ho. The sample dimensions were 5 mm x 5 mm x 14 mm and the waveguides were written in the 14 mm length of the sample to maximize the potential gain for laser operation. The waveguides were tested for lasing operation using the experimental set-up shown in Figure 3 (C). This waveguide was then used for mode-locking investigations. An 80% reflectivity output coupler was coated with a multilayer stack of graphene. The nonlinear transmission of the Graphene coated Saturable OutCoupler (GSOC) was measured with an optical parametric amplifier operating at 2.1 μm. The GSOC had a measured modulation depth of 6.6% and the nonsaturable loss was 80.3%. The GSOC has a measured saturation fluence of 8.6 μm J/cm 2 . The GSOC was placed at the output facet of the waveguide and aligned for lasing operation and Q-switched modelocked operation was demonstrated. The maximum output average power demonstrated was 170 mW. The repetition rate of the pulses was found to be ∼ 5.9 GHz corresponding well with the 14 mm length of the cavity, the Q-switched pulses had a repetition rate of ∼ 1.04 MHz. the wavelength of the laser was centered at 2091 nm with a linewidth if 0.8 nm [19] .
III. NONLINEAR MATIERALS
Not only can ULI be utilized to create waveguides in active materials, but also in nonlinear and passive materials. The benefit of guided wave devices in these materials is to increase the interaction length, which allows the gIL(gain, intensity, length) product to be increased as compared to bulk material.
The only caveat is that the desired material cannot be strongly absorbing in the range of the inscription laser source. We have recently performed ULI of type III waveguides into LiNbO3 and Fe:LiNbO 3 . Figure 4 shows the waveguide facets of a set of waveguides written into LiNbO 3 . By imaging the scattered light from the side of the waveguide [20] , we estimate the losses to be < 1 dB/cm. Additionally, waveguides have been written into Fe:LiNbO 3 , which exhibits a strong photorefractive effect in the bulk [21] . It has been observed that that waveguides inscribed into Fe:LiNbO 3 maintain the photorefractive properties of the bulk material. Figure 5 demonstrates transmission and reflection gratings written into Fe:LiNbO 3 laser inscribed waveguides. In addition, it has been reported that femtosecond lasers can be used to precipitate non-centrosymmetric crystals (NCCs) within supersaturated glasses, forming waveguide structures [22] , [23] . During laser writing, a combination of thermal gradients together with the laser polarization, cause the alignment of the polar axis of the NCC along the writing direction. Femtosecond precipitation of NCCs in glass has the potential to be a lower-cost alternative to other methods of achieving NCC waveguiding structures. The ULI setup can be utilized as shown in Figure 6 , to produce precipitated crystals inside of the supersaturated glass structure. The inset pictures show the achieved laser modification in the samples. In this configuration, precipitation of crystalline LiNbO 3 was achieved. However, losses in the precipitated structures were too high to confirm guiding in the precipated strcuture. Nonetheless, the signal from the 2nd harmonic of a femtosecond pump beam was observed, confirming the presences of crystalline LiNbO 3 [22] .
Finally, type III waveguides have been inscribed into a sample of CdSiP 2 , Figure 7 . This is the first demonstration of ultrafast laser inscribed structures in CdSiP 2 . Scattering measurements estimate the propagation loss of the waveguides to be < 2 dB/cm. These devices could be utilized as a guided wave optical parametric oscillator similar to previous works in CdSiP 2 [24] . 
IV. CONCLUSION
In conclusion, ULI is a versatile technique for creating waveguides in a variety of materials. This technique has been used to create Watt level laser devices in TM doped chalcogenide materials and rare earth doped garnets. In addition, waveguides had also been created in a variety of nonlinear materials with applications ranging from photorefractivity to optical parametric oscillation. The breadth of applications for these devices illustrates the need for compact, efficient waveguides.
